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I.  Introduction 

Atomic  layer  epitaxy  (ALE)  is  the  sequential  chemisorption  of  one  or  more  elemental 
species  or  complexes  within  a  time  period  or  chemical  environment  in  which  only  one 
monolayer  of  each  species  is  chemisoihed  on  die  surface  of  the  growing  film  in  each  period  of 
die  sequence.  The  excess  of  a  given  reactant  which  is  in  die  gas  phase  or  only  physisoihed  is 
purged  from  the  substrate  surface  region  before  this  surface  is  exposed  to  a  subsequent 
reactant  This  latter  reactant  chemisorbs  and  undergoes  reaction  with  the  first  reactant  on  the 
substrate  surface  resulting  in  the  formation  of  a  solid  film.  There  are  essentially  two  types  of 
ALE  which,  fcx*  convenience,  shall  be  called  Type  I  and  Type  IL 

In  its  early  development  in  Finland,  the  Type  I  growth  scenario  frequently  involved  the 
deposition  of  more  than  one  monolayer  of  the  given  species.  However,  at  that  time,  ALE  was 
considered  possible  only  in  those  materials  wherein  the  bond  energies  between  like  metal 
species  and  like  nonmetal  species  were  each  less  than  that  of  the  metal-nonmetal  combination. 
Thus,  even  if  multiple  monolayers  of  a  given  element  were  produced,  the  material  in  excess  of 
one  HKNiolayer  could  be  sublimed  by  increasing  the  ten:^>erature  and/or  waiting  for  a  sufficient 
period  of  time  under  vacuum.  Under  these  chemical  constraints,  materials  such  as  GaAs  were 
initially  drought  to  be  iii^rrobable  since  the  Ga-Ga  Ixxid  strength  exceeds  that  of  die  GaAs  bond 
strength.  However,  the  self-limiting  layer-by-layer  deposition  of  this  material  proved  to  be  an 
early  example  of  Type  n  ALE  wherein  the  trinKthylgallium  (TMG)  chemisorbed  to  the 
growing  surface  and  effectively  prevented  additional  adsorption  of  the  incoming  metalorganic 
molecules.  The  introduction  of  As,  however  caused  an  exchange  with  the  chemisorbed  TMG 
such  that  a  gaseous  side  product  was  removed  from  the  growing  surface.  Two  alternating 
molecular  species  are  also  ftequendy  used  such  that  chemisorption  of  each  species  occurs 
sequentially  and  is  accorrqianied  by  extraction,  abstraction  and  exchange  reactions  to  produce 
self-limiting  lay^-by-layer  growdi  of  an  element,  solid  soluticm  or  a  con^und. 

The  Type  n  rqiproach  has  been  used  primarily  for  growth  of  II-VI  conqiounds  [1—13]; 
however,  recent  studies  have  shown  that  it  is  also  applicable  for  oxides  [14-17],  nitrides  [18], 
ni-V  GaAs-based  semiconductors  [19-32]  and  silicon  [33-35].  The  advantages  of  ALE 
include  monolayer  thickness  control,  growth  of  abrupt  interfaces,  growth  of  uniform  and 
graded  solid  solutions  with  controlled  composition,  reduction  in  macroscopic  defects  and 
uniform  coverage  ova*  large  areas.  A  commercial  application  which  makes  use  of  the  last 
attribute  is  large  area  electroluminescent  displays  produced  from  II-VI  materials.  Two 
comprehensive  reviews  [36,6],  one  limited  overview  [37]  and  a  book  [38]  devoted  entirely  to 
the  subject  of  ALE  have  been  published. 

In  this  reporting  period,  investigations  concerned  with  (1)  the  determination  of  the  growth 
parameter,  oc,  for  diamond  films  on  Si  and  Ti,  (2)  the  deposition,  annealing  and  determination 
of  the  optical  emission  of  Ce02  epitaxial  films  on  Si(lOO),  and  (3)  the  growth  of  Si  on  nearly 


lattice  matched  GeC)2/Si(lll)  substrates  for  silicon-on-insulator  (SOI)  applications  have  been 
conducted 

The  following  sections  introduce  each  topic,  detail  the  experimental  approaches,  report  the 
results  to  date  and  provide  a  discussion  and  a  conclusion  for  each  matraiaL  Each  major  section 
is  self-contained  with  its  own  figures,  tables  and  references. 
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II.  Influence  of  Temperature  and  Methane  Concentration  on  the 
Diamond  Growth  Parameter  a  on  Silicon  and  Titanium 
Substrates 

A.  Introduction 

Diamond  has  become  an  enticing  candidate  fw  high-power,  high-firequency  electronic 
device  applicaticms  in  high-temperatuie  or  chemically-harsh  environments.  However,  to  realize 
its  true  potential,  single-crystal  diamond  films  are  needed.  Although  economically  viable  sizes 
and  quantities  of  substrates  for  single-crystal  diamond  films  are  still  not  available,  there  has 
been  significant  progress  on  oriented  diamond  films  [1-3].  Under  certain  growth  conditions, 
strcMi^y  oriented  diamond  films  can  he  obtained  by  taking  advantage  of  the  growtii  competiticm 
between  differently  oriented  diamond  grains  [4].  In  order  to  take  advantage  of  the  texture 
evolution  process,  it  is  essential  to  understand  the  growth  parameter  a  which  is  given  by  the 
relative  growth  rates  on  {100}  and  {111}  facets  [5-7].  The  growth  parameter  ci  can  be 
represented  by  the  single  formula,  a  =  V3  (ViooA^iii)  where  Viooand  Viii  are  the  growth 
rates  on  the  { 100}  and  {111}  faces,  respectively. 

To  gain  the  precise  information  about  the  growth  parameter  oc  m  silicon  and  titanium  in  our 
system,  investigation  of  the  dependence  of  the  morphology  of  diamond  films  on  methane 
concentration  and  deposition  tenqierature  was  undertaken.  After  deposition,  tiie  morphology  of 
each  sanq)le  was  examined  by  the  scanning  electron  microscope  (SEM).  The  values  of  a  were 
determined  by  comparing  the  surface  morphologies  with  the  idiomorphic  crystal  shapes  for 
different  values  of  a  described  by  Wild  [^.  While  there  have  been  some  experimental  results 
of  the  growth  parameter  a  on  silicon,  understanding  the  growth  parameter  a  on  titaruum 
ronains  elusive.  Investigating  the  a  parameter  space  on  titanium  is  desirable  because  of  its 
potential  ^plication  as  an  interlayer  for  diamond  nucleatitm  cm  otherwise  “difficult  to  nucleate” 
materials,  such  as  copper  and  steel.  Also,  comparison  of  “a  maps”  for  silicon  and  titanium 
may  elucidate  some  mechanisms  of  diamond  growth. 

B.  E?q)erimental Procedure 

Substrate  Preparation.  The  polycrystalline  titanium  samples  were  polished  using 
progressively  finer  media.  The  polishing  scheme  started  with  600  grit  SiC,  then  30p.m  and 
6pm  diamond  powder  and  finished  using  a  colloidal  silica  solution  that  polished  by  mechanical 
and  chemical  means.  Following  the  polishing,  the  sample  was  cleaned  by  acetone,  methanol, 
and  isopropanol.  The  silicon  (100)  substrates  were  etched  in  dilute  HF  acid  prior  to  insertion 
into  the  chamber. 

Four-step  Deposition  Process.  The  four-step  deposition  process  consisted  of  a  hydrogen 
plasma  clean,  surface  carburization,  biased  enhanced  nucleation  (BEN),  and  growth. 
Hydrogen  plasma  clean  was  performed  for  30  minutes  to  remove  any  carbonaceous  residue  on 
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the  substrates.  Following  the  hydrogen  plasma  clean,  die  caiburization  step  was  undeitakai  for 
30  minutes  at  2%  methaneyhydrogen  concentration  at  25  Torr.  AftCT  the  caiburizadon  step,  the 
samples  were  subjected  to  a  nucleation  step.  At  the  nucleation  step,  the  chamber  pressure  was 
reduced  to  20  Torr  and  methane/hydrogen  ratio  was  increased  to  5%.  Then  a  negative  DC 
voltage,  about  -240  V,  was  applied  to  the  substrate  for  8  minutes.  At  the  end  of  the  biasing 
step,  the  bias  voltage  was  terminated  and  the  pressure  was  raised  to  25  Torr.  In  the  growth 
stage,  the  substrate  position  and  methane/hydrogen  concentration  was  changed  to  the  desired 
point  Table  I  summarizes  the  system  parameters  for  each  step. 


Table!  Summary  of  Systan  Parameters 


Parameters 

H2  Plasma  Qean 

Carburizaticm 

BEN 

Growth 

Power 

600W 

600W 

600W 

600W 

Pressure 

25  Torr 

25  Torr 

20  Torr 

25  Torr 

CH4/H2  ratio 

- 

2% 

5% 

varied 

Bias  Current 

- 

- 

80  mA 

- 

Bias  Voltage 

- 

- 

-240V 

- 

Temperature 

700*C 

800*C 

850’C 

varied 

Duratitm 

30  minutes 

30  minutes 

8  minutes 

16-17  hours 

Growth  Conditions.  From  previous  experience,  the  following  upper  and  lower  limits  on 
mathane  concentration  (0.1%-1.0%)  and  deposition  tenqierature  (700*C— 900*Q  were  chosen. 
In  order  to  have  the  best  representative  data  points,  a  statistical  experimental  design  software 
parlfaga  (Strategy)  was  used  to  determine  the  different  deposition  conditions  within  die  liimts. 
The  resulting  deposition  was  observed  by  SEM  and  isolated  diamond  particles  were  examined 
to  determine  the  a  value.  Approximate  a  values  wrae  assigned  using  the  idiomorphic  crystal 
shapes  described  by  Wild  [6]  and  further  discussed  by  Tamor  [7].  Although  a  diffraent 
chamber  system  and  operating  parameters  were  used,  the  diagram  composed  by  both 
researchers  gave  a  general  gradient  of  (X.  The  idiomorphic  crystal  shapes  and  a  diagram 
composed  by  Wild  is  in  Fig.  1.  The  value  of  a  increased  with  decreasing  deposition 
temperature  and  increasing  methane  concentration.  Table  n  summarizes  the  five  different 
deposition  ccmditions. 

C.  Results  and  Discussicxi 

Deposition  on  Silicon.  Well-defined  facets  were  observed  at  all  deposition  conditions, 
except  for  the  low  methane  concentration  and  low  terrqrerature  sample  (Sample  4).  The 
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Figure  1.  Idiomoiphic  crystal  shapes  and  a  diagram  cQD:q)osed  by 


Table  IL  Deposition  Conditicms  for  Each  San^le 


Sarxple  Number 

CH4% 

Terrperature 

1 

0.27 

900±10 

2 

1.00 

700±10 

3 

0.60 

800±10 

4 

0.10 

700±10 

5 

0.93 

900±10 

corresponding  a  value  and  SEM  image  of  each  sample  is  shown  in  Table  m  and  Figs.  2(a-d), 
respectively.  The  diamond  crystals  on  the  Sample  1  showed  cubo-octahedral  shape 
morphology  as  in  Fig.  2(a).  Since  adjacent  (111)  faces  and  adjacent  (1(K))  faces  were  touching, 
the  corresponding  a  value  was  about  1.5.  Figure  2(b)  shows  the  crystal  morphology  of 
Sample  2  which  had  truncated-octahedral  sluped  crystals.  Compared  to  the  idiomorphic  crystal 
shape  for  a  =  2,  Sample  2  had  slightly  larger  (100)  faces.  Thus,  the  a  value  for  Sarrple  2  was 
determined  to  be  about  2.2.  Sample  3  had  a  similar  particle  morphology  to  Sanple  2  (Figs.  2c 
and  2b,  respectively),  although  the  (KX))  faces  appeared  to  cover  more  of  the  crystal  surface 
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than  in  Sample  2.  Therefore,  the  a  value  for  Sample  3  should  lie  between  2.2  and  1.5  and  a 
value  of  2.0  was  assigned.  Sample  5  had  a  similar  morphology  to  Sample  1  (i.e.  adjacent  (1 1 1) 
and  adjacent  (100)  faces  intersected  at  a  point),  corresponding  to  a  value  of  1.5.  As  expected, 
the  gradient  of  a  followed  the  same  trend  as  discussed  by  Wild  and  Tamor  [7].  Alpha 
increased  with  decreasing  deposition  temperature  and  increasing  methane  concentration.  Based 
on  this  preliminary  evaluation,  an  initial  <x  diagram  for  diamond  growth  on  silicon  is  shown  in 

Fig.  3. 


Table  HI.  Corresponding  a  Values  for  Each  Sample 


Sample  Number 

a  Value  on  Si 

a  Value  on  H 

1 

1.510.1 

heavily  twined  particles 

2 

2.210.1 

It 

3 

2.010.1 

It 

4 

heavily  twined  particles 

It 

5 

1.510.1 

II 

Figure  2(a).  SEM  image  of  Si  Sanqrle  1  (CH4%  =  0.27%,  Tsub  =  900°C). 
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(d) 


Figure  2  (b)  SEM  image  of  Si  Sample  2  (CH4%  =  0.1%,  Tgub  =  7(X)®C);  (c)  SEM  image 

of  Si  Sample  3  (CH4%  =  0.6%,  Tgub  =  800°C);  (d)  SEM  image  of  Si  Sample  5 
(CH4%  =  0.93%,  Tsub  =  900‘’C). 
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Figure  3.  Alpha  diagram  fm*  diamond  growth  on  SL 

Deposition  on  Titanium.  In  the  case  of  titanium,  all  of  the  samples  had  heavily  twinned 
“cauliflower-like”  morphologies  as  shown  in  Fig.  4.  The  absence  of  diamond  particles  with 
well-defined  facets  made  determination  of  a  impossible.  In  order  to  examine  the  growth 
parameter  a  on  titanium,  the  twinning  needed  to  be  reduced  as  much  as  possible.  There  are 
several  factors  which  may  have  contributed  to  the  twinning  of  diamond  on  titanium:  i)  surface 
roughening  after  oxide  removal,  ii)  hydride  formation,  iii)  amorphous  carbide  formation,  and 
iv)  high  surface  mobility  of  carbon  species.  The  first  possible  e}q>lanation  for  the  twinning  of 
diamond  would  be  the  surface  toughening  after  oxide  removal  during  the  hydrogen  plasma 
cleaning.  Because  titanium  is  a  strong  oxide  former,  substantial  amount  of  oxide  was  likely 
formed  during  the  substrate  preparation  stage.  Since  the  interface  between  titanium  and  its 
oxide  was  probably  not  as  smooth  as  the  polished  original  surface,  a  rough  surface  would  have 
resulted  after  etching  by  die  hydrogen  plasma.  This  rough  surface  may  have  contributed  to  the 
formation  of  twins  in  diamond.  Anotha*  possible  reason  for  heavy  twinning  can  be  found  from 
its  deposition  environment  Throughout  the  deposition  steps,  titanium  substrates  were  e:qx>sed 
to  a  hydrogen  environment  Formation  of  a  hydride  could  have  occurred  and  would  embrittle 
the  titanium  surface.  As  the  substrate  was  heated  by  the  plasma,  differences  in  the  thermal 
erq>ansion  coefficient  may  have  caused  cracking  of  the  surface.  These  small  cracks  could  have 
served  as  nucleating  sites  for  non-uniform  diamond  particles  and  might  have  been  responsible 
for  heavily  twined  particles.  The  next  factor  may  have  been  the  formation  of  an  amorphous 
carbide  during  the  carburization  step.  Since  amorphous  carbide  does  not  have  long  range  order, 
it  can  easily  contain  defects  that  may  contribute  to  the  twiruiing.  The  last  and  naore  speculative 
reason  would  be  the  effect  of  surface  mobili^  of  carbon  species  on  the  titanium  surface. 
Compared  to  silicon,  titanium  has  much  lower  thermal  conductivity;  therefore,  the  surface 
tenq)erature  of  titanium  may  have  been  higher  than  silicon.  Since  titanium  might  have  had  a 
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higher  substrate  temperature,  the  carbon  species  on  titanium  could  migrate  more  easily,  leading 
to  a  hi^er  local  carbon  concentration.  The  higher  carbon  concentration  would  lead  to  twinning 
of  the  diamond  crystals.  Among  the  four  factors,  surface  roughening  after  etching  the  titanium 
oxide  layer,  during  the  hydrogen  plasma  clean  stage,  is  probably  the  most  dominant  factor, 
although  further  investigation  is  needed. 


Figure  4.  SEM  image  of  typical  diamond  crystals  on  H. 

D.  Conclusions 

The  growth  parameter  a  has  been  studied  on  silicon  and  titanium  by  investigating  the 
dependence  of  films  mraphology  on  methane  concentration  and  deposition  temperature.  On 
silicon,  a  range  of  a  values  was  determined  for  diamond  crystals  deposited  under  a  range  of 
substrate  temperature  and  methane  concentration  conditions.  From  this  data,  an  initial  a  map 
was  genaated.  The  diagram  confirmed  the  a  gradient;  the  value  of  a  increased  with  decreasing 
deposition  temperature  and  increasing  methane  concentration.  Under  the  same  conditions,  only 
heavily-twined  diamond  particles  were  found  on  the  titanium  substrates.  Possible  mechanisms 
which  may  have  contributed  to  the  twiiming  of  diamond  include  surface  roughening  after  oxide 
removal,  hydride  formation,  amorphous  carbide  formation,  and  high  surface  mobility  of 
carbon  species.  The  surface  roughening  of  the  titanium  after  oxide  etching  is  probably  tiie  most 
dominant  factor. 

E.  Future  Research  Plans  and  Goals 

In  order  to  have  a  more  detailed  diagram,  more  samples  with  different  methane 
concentrations  and  deposition  temperatures  need  to  be  examined.  The  goal  of  this  research  is  to 
grow  highly  oriented  (lOO)-faceted  diamond  film  on  a  silicon  (100)  substrate.  On  titanium 
substrate,  since  well-faceted  diamond  particles  could  not  obtained,  non-twined  diamond 
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particles  need  to  be  nucleated  in  onler  to  study  the  growth  parameter  a.  To  reduce  the  effects  of 
surface  oxide  layer,  it  is  planned  to  deposit  a  thin  layer  of  titanium  on  silicon  then  transfer  the 
sample  to  microwave  plasma  chemical  vapor  deposition  system  to  grow  diamond.  Since  the 
evaporation  deposition  system  is  connected  to  the  microwave  plasma  chemical  v^por  deposition 
system,  the  sanq)le  can  be  transferred  between  two  chambras  without  exposing  it  to  air. 
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III.  Optical  Properties  of  Epitaxial  CeOz  on  Silicon  Substrates 


A.  Introduction 

Cerium  oxide  (Ce02)  is  a  rare-earth  oxide  which  is  non  absorbing  in  the  visible  spectrum 
and  has  been  used  in  optical  coatings  [1].  It  has  a  face-centered  cubic  fluorite  crystal  structure 
that  is  closely  matched  to  silicon  [2]  and  recently  there  have  been  more  research  efforts  to  grow 
high  quality  CeC>2  single  crystals  on  silicon  substrates  [3,4].  Potential  applications  of  the 
insulating  thin  films  are  in  high  Tc  superconductor  stractures,  silicon  on  insulator  (SOI) 
structures,  and  high-storage  capacitor  devices.  The  electrical  characteristics  of  epitaxial  Ce02 
films  on  silicon  [4,5]  and  their  use  in  high-storage  capacitors  were  investigated.  With 
optiriuzed  growth  temperature  and  annealing  time  in  oxygen  at  900“C,  device-quality  MOS 
stractures  of  Ce02  films  on  sUicmi  has  been  achieved  [5].  The  optical  properties  of  Ce02  were 
reported  using  spectral  absorbance  and  reflectance  measurements  on  glassy  films  and  poly 
crystalline  and  bulk  single  crystal  samples  [6-8].  A  sharp  absorption  band  was  consistently 
observed  at  about  3  eV  and  was  attributed  to  transitions  between  the  oxygen  2p  band  (valence 
band)  and  the  cerium  4f  band  of  Ge02  which  lies  just  above  the  Fenxd  level  of  tiie  material  [7]. 
This  assigrunent  was  consistent  with  calculations  of  the  electrcMUC  structure  of  Ce02  [9]  which 
indicated  a  band  gap  of  about  5.5  eV  separating  the  conduction  band  (Ge  5d  band)  and  the 
valence  band  of  the  material  with  a  4f  band  (about  1  eV  wide)  lying  3  eV  above  tiie  valence  band. 

This  section  reports  further  studies  of  the  optical  properties  of  single  crystal  Ce02  films 
grown  epitaxially  on  silicon  and  the  effect  of  post  armealing  on  the  photoluminescence 
observed  fiom  the  films.  The  photoluminescence  obsoved  from  our  high-quality  single  crystal 
films  on  silicon  can  give  further  information  on  the  nature  of  optical  transitions  in  Ce02  and 
might  open  yet  another  application  of  the  films  in  optical  devices  fabrication  on  silicon 
substrates. 

B.  E}q)erim«ital Procedure 

Ce02  films  were  deposited  on  p-type  Si(lll)  substrates  using  pulsed  laser  ablation 
following  the  procedure  previously  described  in  [3].  An  ArF  excimer  laser  was  used  to  ablate  a 
Ce02  target  of  99.999%  purity  at  a  presstue  lower  than  10-7  Torr  with  the  substrate 
temperatiue  maintained  at  650°C  to  deposit  single  crystal  Ce02-  The  film  thickness  was 
measured  by  ellipsometry  and  found  to  be  about  1000  A  with  an  amorphous  Si02  Iny^  of 
about  40  A  formed  at  the  silicon  interface.  The  as-grown  samples  (sample  A)  were  thermally 
treated  by  rapid  thermal  armealing  in  Ar  at  1000°C  for  5  minutes  (sample  B),  and  furnace 
annealing  in  O2  at  1000°C  for  6  hours  followed  by  nqiid  thomal  armealing  in  Ar  at  1(XX)®C  for 
5  minutes  (sample  C).  Photoluminescence  measurements  were  dcme  using  a  Ife-Cd  las^  with  a 
wavelength  of  325  run  to  excite  electronic  states  in  the  sanqrles. 
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C.  Results 

Figure  1  shows  the  in  situ  RHEED  patterns  obtained  after  deposition  along  the  <1 10>  and 
<1 1-2>  directions  of  the  substrate.  The  patterns  indicate  that  the  grown  film  was  single  crystal. 
X-ray  diffraction  rocking  curve  is  shown  in  Fig.  2  showing  a  Ce02  peak  distinguished  firom 
the  Si  substrate  diffraction  peak  of  the  (333)  plane.  The  full  width  half  maximum  of  the  film 
peak  was  45  arc  sec  indicating  a  very  good  quality  of  the  crystal  structure.  The  peak 
corresponds  to  a  lattice  constant  of 5.4262  A  which  is  slightly  larger  than  that  of  bulk  Ce02  of 
5.4103  probably  due  to  the  strain  in  the  grown  Ce02  films  to  match  the  silicon  substrate 
and  may  also  be  due  to  the  inclusion  of  oxygen  vacancies  in  the  films  [10].  Figure  3(a-c)  show 
the  room  temperature  spectra  obtained  for  samples  A  to  C,  respectively.  The  as-grown 
sample  (A)  showed  a  fairly  broad  spectrum  as  shown  in  Fig.  3(a).  The  other  two  samples 
exposed  to  rapid  thermal  annealing  in  argon,  without  O2  annealing  (sample  B),  and  with  6 
hours  of  O2  annealing  at  1000“C  (sample  Q,  showed  a  sharp  emission  peak  in  the  violet/blue 
range  widi  a  FWHM  of  about  600  nm.  The  emission  observed  was  stronger  from  thicker  Ce02 
films. 

D.  Discussion 

Previous  studies  of  defects  in  Ce02  crystals  [10,11]  showed  that  the  fluorite  crystal 
structure  of  the  material  remains  intact  over  a  relatively  wide  range  of  non-stoichiometric 
compositions  through  the  inclusion  of  oxygen  vacancies.  The  presence  of  these  vacancies  gives 
rise  to  an  expansion  of  the  lattice  constant  of  the  crystal  as  measured  by  x-ray  diffraction.  It  is 
however  very  difficult  to  obtain  an  estimate  of  the  oxygen  deficiency  of  the  films  from 
x-ray  data  due  to  the  lattice  strain  in  the  Ce02  film  to  match  the  silicon  substrate  structure 
(about  0.35%  at  room  tempoature).  Oxygen  vacancies  in  Ce02  crystals  have  energy  levels  in 
the  band  gap  Iowct  in  energy  than  the  4f  band  states  with  temperature  and  concentration 
dependent  occupancy.  At  low  temperatures  as  was  observed  in  electron  paramagnetic 
resonance  (EPR)  studies  done  at  liquid  He  temperature,  electrons  are  trapped  in  oxygen 
vacancy  sites  rather  than  occupying  4f  band  states  [12].  At  higher  ten:q)eratures,  electrons 
are  excited  to  the  4f  band  by  electron-phonon  interaction.  Electrons  so  excited  give  rise  to 
Ce^'*'  ions  [11]  where  one  of  the  two  unoccupied  4f  states  of  Ce^+  is  occupied  by  an 
electron  hopping  between  cation  sites  of  the  Ce02  crystal.  For  large  deviations  from 
stoichiometry  and  larger  vacancy  concentrations  the  predominant  charge  state  of  vacancies  is 
the  singly  ionized  state  where  one  level  of  the  two  levels  of  a  vacancy  is  occupied.  This  gives 
rise  to  F+  centers  in  the  crystal.  For  small  deviations  from  stoichiometry  and  lower  vacancy 
concentrations  the  dominant  charge  state  of  vacancies  is  the  doubly  charged  state  mainly  to 
coiiq)ensate  for  cation  impurities  of  the  material  with  lower  valence.  These  give  rise  to  F2+ 
centers  [13]. 
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(b) 


Figure  1,  In  situ  Rheed  patterns  obtained  after  growth  of  Ce02  on  Si(l  1 1):  (a)  along  the 
<1 10>  and  (b)  the  <1 1-2>  directions  of  the  substrate. 

The  broad  photolurninescence  of  the  as-grown  films  of  Figs.  3(a)  could  be  the  result  of 
defects  including  oxygen  vacancies  in  the  crystal  with  electronic  energy  levels  lower  in  the 
band  gap  than  the  4f  band.  These  defects  possibly  act  as  radiative  recombination  centers  for 
electrons  initially  excited  from  the  valence  band  to  the  4f  band  of  Ce02-  An  enhanced 
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Rguie  2.  X-ray  diffraction  rocking  curve  of  as-grown  Ce02  films  deposited  at  650®C 


absorption  tail  below  3  eV  in  non-stoichiometric  CcOx  was  previously  attributed  to  the 
presence  of  oxygen  vacancies  [8].  The  effect  of  rapid  thermal  annealing  on  the 
photoluminescence  can  be  explained  by  a  curing  of  the  crystal  defects  upon  annealing.  At  high 
temperatures  oxygen  vacancies  becrane  relatively  mobile  where  they  can  migrate  to  tie  to  Iowct 
valence  in:q)urities  in  the  crystal  or  form  vacancy  aggregates.  The  effect  of  lowering  the 
concentration  of  vacancies  is  to  change  titeir  dominant  charge  state  to  doubly  ionized  where  no 
electrons  are  there  to  undergo  transitions  to  the  valence  band  states  available  iqxrn  irradiation. 
These  effects  might  explain  the  appearance  of  the  400  run  emission  peak  shown  in  Hg.  3(b) 
and  (c)  which  coincides  in  energy  with  the  4f  to  valence  band  energy  gap  of  3.1  eV  obtained 
from  optical  absorption  measurements  reported  in  the  litraature  [6],  and  the  dimirtishing  of  the 
broad  photoluminescence  observed  fiom  as  grown  samples.  The  effect  was  enhanced  by  the 
oxygen  annealing  of  sample(C)  at  1(X)0°C  for  6  hours  before  the  rapid  thermal  armealing  as 
compared  to  sample  (B)  where  only  rapid  thermal  armealing  was  done.  The  400  run  emission 
peak  was  not  observed  fiom  samples  aimealed  in  oxygen  with  no  rapid  thermal  annealing 
cycles  or  from  samples  furnace  annealed  at  1000°C  for  5  minutes  in  argon.  The  fact  that 
reported  optical  absorption  edge  of  Ce02  films  at  3.1  eV  indicated  non-direct  transitions  [6] 
does  not  rule  out  the  possibility  that  emissirm  across  the  4f  to  2p  energy  gap  could  be  the  origin 
of  the  luminescence  detected  after  rapid  thermal  annealing  of  the  samples.  These  transitions  are 
charge  transfer  transitions  and  are  thus  electric-dipole  allowed  with  a  weak  oscillator  strength 
due  to  small  electronic  wave  function  overlaps  [7].  They  would  give  an  emission  at  about 
400  nm  that  is  relatively  sharp  due  to  the  nature  of  the  4f  band  of  Ce  in  OO2  as  outlined 
earlier. 
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Figure  3(a).  Room  temperature  phomluminescence  spectrum  of  as  deposited  epitaxial  CeC>2 

films  on  Si(lll); 


Figure  3(b).  Room  temperature  photoluminescence  spectrum  of  epitaxial  Ce02  films  on 
Si(lll)  aftn  5  nain.  n^id  thermal  annealing  in  Ar  at  1000^’C; 

E.  Cbnclusions 

In  conclusion,  we  have  reported  on  observing  violet  photoluminescence  for  the  first  time 
fiom  annealed  Ce02  single  crystal  films  grown  by  pulsed  laser  deposition  of  Cc02  on  silicon 
substrates  and  rapid  thermally  annealed  in  an  argon  environment  at  lOOOX.  The  single 
crystallinity  of  the  films  epitaxially  deposited  on  Si(lll)  substrates  was  assured  by  die  in  situ 
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Figure  3(c).  Photoluminescence  spectra  of  epitaxial  CeC)2  films  on  Si(lll)  after  6  hours 
annealing  in  Ch  at  1000®C  followed  by  5  min.  rapid  thermal  annealing  in  Ar  at 
1000°C. 


RHEED  patterns  and  XRD  rocking  curves  obtained.  A  strong  photoluminescence  emission  at 
400  nm  was  observed  ficom  thramally  treated  films  upon  excitation  by  a  He-Gd  UV  laser.  This 
emission  can  be  due  to  charge  transfer  transitions  from  the  4f  band  to  the  valence  band  of 
Ce02. 


F.  Future  Research  Plans  and  Goals 

Further  investigation  of  the  origin  of  the  reported  emission  and  the  possibility  of  its 
utilization  to  fabricate  optical  devices  on  silicon  substrates  are  currently  under  further 
investigation. 
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IV.  Deposition  of  Crystalline  Silicon  on  Lattice  Matched 
Ce02/Si(lll)  Substrates 

A.  Introduction 

Ceniim  oxide  is  a  promising  material  for  the  insulator  in  a  SOI  structure  as  it  has  a  crystal 
structure  which  is  closely  matched  to  silicon.  The  lattice  misfit  factor  for  Ce02  to  silicon, 
Aa/a  =  0.35%,  is  bettCT  than  the  respective  values  for  other  crystalline  insulators  such  as  CaF2, 
sapphire,  and  spinel.  The  SOI  structure  requires  a  thin  single  crystal  layer  of  silicon  of  low 
defect  densi^  fOT  the  fabrication  of  electronic  devices.  These  would  be  isolated  by  the  insulator 
layer  fiom  the  partially  conducting  silicon  substrate  [1].  High  quality  single  crystal  Ce02  films 
have  been  grown  and  characterized  as  insulating  oxide  films  on  silicon  [2,  3].  The  same 
vacuum  apparatus  used  for  deposition  of  Ce02  films  on  silicon  by  pulsed  laser  ablation  was 
used  to  deposit  silicon  on  Ce02  in  situ  by  injection  of  diluted  1%  disilane  in  N2  gas  into  the 
growth  chamber.  The  growth  mode  of  silicon  on  Ce02  was  probed  by  RHEED  and  optical 
microscope  inspection  of  the  films.  Further  investigation  by  high  resolution  transmission 
electron  microscopy  is  undergoing. 

B.  Experimental  Procedure 

Single  crystal  Ce02  films  w^  grown  by  pulsed  laser  ablation  of  Ce02  target  under  UHV 
conditions  as  previously  described  in  [2]  at  650®C.  Diluted  1%  disilane  in  N2  gas  was  then 
injected  into  the  growth  chamber  with  on-line  pumping  at  pressures  of  1.5  and  3  mTorr  with 
the  substrate  temperature  kept  at  700  and  750®C  to  grow  silicon  on  Ce02  by  an  LPCVD 
process  [4].  Both  (111) +  03®  and  (111)  5®  ±0.5®  off  axis  towards  the  <110>  direction  silictm 
substrates  were  used.  The  growth  mode  of  silicon  on  Ce02  was  probed  by  RHEED  and  optical 
microscope  inspectioi  of  the  films. 

C.  Results 

Figure  1  shows  the  RHEED  pattern  obtained  after  the  deposition  of  silicon  on  Ce02  grown 
on  Si(l  11)  substrate  at  a  temperature  of 700®C  and  a  pressure  of  1.5  mTorr  for  (me  hour.  High 
resolution  transmission  electron  microscopy  indicated  island  growth  of  A-  and  B-type 
crystalline  silicon  on  the  Ce02  film.  Optical  inspection  indicated  three-dimensi(mal  features  (m 
the  surface.  Growth  at  lower  ten[q)eratures  resulted  in  RHEED  patterns  similar  to  those  of  the 
(je02  films  and  no  surface  features.  Increasing  the  growth  temperature  to  750®C  resulted  in  the 
same  RHEED  patterns.  We  then  increased  the  growth  pressure  to  3  mTorr  and  the  runs 
duration  to  2  hours  and  tried  both  (1 1 1)  ±  0.5®  and  (1 1 1)  5®  ±  0.5®  off  axis  towards  the  <1 10> 
directi(m  silicon  substrates.  Three  dimensicmal  features  were  then  observed  all  over  the  samples 
with  mtjre  density  on  tilted  substrates.  Figure  2  shows  a  photograph  of  the  features  observed 
on  a  tilted  silicon  substrate.  Preparation  of  samples  of  tiiese  runs  ftrr  HRTEM  is  ongoing. 
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Figure  1.  RHEED  pattern  along  the  <1 10>  azimuth  for  silicon  deposited  on  Cc02  grown 
on  Si(lll)  substrate  at  a  temperature  of  700°C  and  a  pressure  of  1.5  mTorr  for 
one  hour. 


Figure  2.  Optical  microscope  photograph  of  the  surface  of  silicon  deposited  at  750°C  and 

3  mTorr  for  2  hours  on  Ce02  on  a  tilted  silicon  substrate. 


D.  Discussion 

Both  the  RHEED  patterns  obtained  and  the  optical  microscope  inspection  of  the  films 
indicate  a  three-dimensional  mode  of  growth  of  silicon  on  Ce02  even  on  slightly  off  axis 
silicon  substrates.  A  similar  situation  was  reported  for  silicon  grown  on  CaF2  by  MBE  [5]. 
The  RHEED  patterns  also  indicate  crystalline  silicon  deposition.  However,  the  single 
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crystallinity  of  the  films  can  not  be  confirmed.  TTie  grown  films  arc  too  thin  to  be  investigated 
for  tlwir  crystallinity  by  x-ray  diffraction. 

E.  Conclusions 

Crystalline  silicon  was  grown  on  nearly  lattice  matched  Ce02  silicon  (1 1 1)  substrates  by 
a  LPCVD  process.  The  growth  mode  of  the  films  were  found  to  be  three  dimensional  by 
RHEED  and  optical  microscope  inspecticai. 

F.  Future  Research  Plans  and  Goals 

The  single  crystallinity  of  grown  silicon  films  is  to  be  investigated  by  high  resolution 
transmission  electron  microscopy.  Control  of  the  growth  parameters  to  deposit  single  crystal 
silictMi  on  Ce02  in  a  two  dimensional  growth  mode  is  plaimed. 
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